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Chapter 1 
 
General introduction 
2 
1.1  Introduction 
 
Recently, significant advances in electronic devices, technological progress has been 
occurring in the technical field of small rechargeable batteries for consumer use. From 
the late 1980’s, nickel cadmium batteries replaced lead batteries for the portable devices 
such as cordless phones. At the beginning of 1990’s, nickel metal hydride batteries and 
lithium ion batteries were developed, and energy densities of those batteries improved 
drastically [1].  
In order to increase the energy densities and to have enough durability of practice 
use, the composition of metal hydride alloys and additives such as rare-earth materials 
were studied. [2,3]  
At first, nickel metal hydride battery was used for mobile devices, but for its high 
energy density and safety, it had been applied to electric vehicles and hybrid electric 
vehicles. After equipped with PRIUS by Toyota Motor Corp. mass-produced for the first 
time in 1997, the amount of battery production was increased, and R&D for further high 
capacity and durable improvement had been pushed forward. 
As nickel metal hydride batteries used aqueous solution-based electrolyte, the 
application to large industrial use, such as the absorption of the load change of renewable 
energies, the voltage or the frequency stabilization in the grid connection, has begun 
from the viewpoint of lower environmental load and safety.  
In this paper, we investigated the research and development topics and trend of 
nickel metal hydride batteries. 
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1.2 Investigation method 
 
We used “SciFinder” provided by CAS(Chemical Abstracts Service). We got 1,740 
cases as a result of having searched the main topics and trends about the nickel metal 
hydride battery until 2015 as a keyword in Ni-MH. The main academic journals were 
“Journal of Power Sources”, “Journal of Electrochemical Society (The Electrochemical 
Society, Inc)”, “International Journal of Hydrogen Energy(Elsevier)”, “Journal of Alloys 
and Compounds(Elsevier)”, “Material Chemistry and Physics(Elsevier)”, 
“Electrochemistry(The Electrochemical Society of Japan)”, “Electrochemical 
Acta(International Electrochemical Society and Elsevier)” and so on. Fig. 1.1 shows the 
trend in the number of the published articles. Publication begins in 1990 at a pace of 
several articles in one year, and peaked in 150 articles in 2006, but it gradually decreases 
afterwards and in late years to 60 articles in one year. 
Fig. 1.2 shows the number of the articles according to countries. As can be seen, the 
number of the articles in China is the largest, 911 articles (52.4%), and in much order 
Japan (218 articles, 12.5%), United States (130, 7.5%), Korea (116), France (69), Canada 
(28), Poland(28), India(28), Germany (25), and so on. 
In China, research and development were actively carried out about nickel metal 
hydride batteries, but there were really few manufacturers producing nickel metal 
hydride batteries, and many studies were performed at universities. In addition, in Japan, 
many articles were reported by vehicle manufacturers, battery manufacturers, universities, 
and research organizations. It is because that the fundamental research has settled after 
applying to various practical uses.  
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Fig. 1.2 Map of research organization or groups  
studying nickel metal hydride batteries in the world 
Fig. 1.1 The number of articles by year 
5 
1.3 Investigation Results 
   
1.3.1 Nickel metal hydride batteries 
 
Nickel metal hydride batteries are composed of nickel oxide as the positive 
electrodes, metal hydride as the negative electrodes, and aqueous alkaline solution (such 
as potassium hydroxide solution and/or sodium hydroxide solution) as electrolyte.  
Metal hydride is a hydrogen absorbed alloy, and LaNi5H6 is one of the representative 
examples. For the commercialized batteries, mish metal (Mm) has been used in place of 
La because of its low cost and high hydrogen absorption. Part of nickel is replaced by 
several other transition metals such as cobalt, manganese, aluminum, and so on. 
The charge and discharge reactions are as follows. 
 
Positive : Ni(OH)2+OH- ⇔ NiOOH + H2O + e- 
Negative : M + H2O + e- ⇔ MH + OH- 
Total : Ni(OH)2+ M ⇔ NiOOH + MH 
 
In this battery, the true active material in the electrode reaction is hydrogen, and 
water is not consumed. 
In charge process, hydrogen is absorbed to metal hydride and nickel hydroxide is 
converted to nickel oxy-hydroxide. 
First five years after nickel metal hydride batteries were in use, as the performance 
of them had not been so high, there were many articles about the capacity, the durability, 
and the energy density improvement of negative electrodes, positive electrodes, and 
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separators. From around 2000, articles about batteries for hybrid electric vehicles, and 
electric vehicles increased, and there were many articles by vehicle manufacturer such as 
Toyota, Hyundai, and so on. 
After then, in Japan the large capacity nickel metal hydride battery for industrial 
application.  
Table 1.1  Authors of Ni-MH till 2015 
 Author No Organization 
Wu Feng 45 Beijing Institute of Technology, China 
Lee Jai Young 31 Korea Advanced Institute of Science and Technology, South Korea 
Chen Shi 27 Beijing Institute of Technology, China 
Percheron Guegan 
A 27 
Laboratoire de Chimie Métallurgique des Terres 
Rares, France 
Wang Qidong 22 Zhejiang University, China  
Pan Hongge 21 Zhejiang University, China 
Lei Youngquan 20 Xiamen University, China 
 
Table 1.2 Authors of Ni-MH from 2011 to 2015 
 Author No. Organization 
Zhang Yanghuan 13 Inner Mongolia University of Science and Technology, China 
Young K 10 Ovonic Battery Company, US 
Huang Hongxia 9 Guilin University of Technology, China 
Long Bingqing 9 Sichuan Normal University, China 
Wang Limin 9 Changchun Institute of Applied Chemistry,China 
Yang Tai 9 Inner Mongolia University of Science and Technology, China 
Li Liquan 8 Nanjing University of Technology, China 
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 1.3.2 Major subject of studying theme 
 
Recent 5 years, about 320 articles were published. There was the overlap of keywords. 
Negative electrode, included metal hydride alloys, was 223 articles, positive electrode 
was 43 ones, and electrolyte was 20 ones. Other keywords were impedance, capacitance, 
microstructure, phase composition, and so on. 
Major subject of studying theme were as follows.  
 The optimization of the composition of the hydrogen storage alloy for batteries.  
 The improvement of the utilization of the active material for the positive electrode 
using cobalt compound coating layer, such as cobalt metal, cobalt oxide, cobalt 
hydro-oxide.  
 
  1.3.3 Trends in R&D 
 
As the result of article retrieval by “SciFinder”, Table 1.1 shows authors with much 
number of contributions. Wu Feng belonging to Beijing Institute of Technology is the 
most contributed author, 45 articles. The next author is Lee Jai Young belonging to Korea 
Advanced Institute of Science and Technology, 31 articles.  
Then Table 1.2 shows the authors with much number of contributions in last five 
years. Zhang Yanghuan belonging to Inner Mongolia University of Science and 
Technology is the most contributed author, 13 articles. The next author is Young K 
belonging to Ovonic Battery Company, 10 articles.  
To check the study trend of each research and development groups we introduce 
about the study contents of them which have much contribution authors.  
At Beijing Institute of Technology [4-6], Wu Feng, Chen Shi, et al. investigated the 
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environmental load of secondary batteries such as nickel metal hydride battery, lithium 
ion battery, and thermal behavior during charging and discharging process, and 
temperature rise of batteries cells. They also studied the effect of substituted Co-free 
hydrogen storage alloys. 
At Korea Advanced Institute of Science and Technology [7-9], many articles ware 
published about AB5-type metal hydride alloys in early 2000s. Concretely they added 
titanium (Ti), zirconium (Zr), chromium (Cr) to the alloys, and investigated increasing 
the discharge capacity and improvement of the cycle behavior. It was found that in case 
of the Ti addition, hydrogen absorbed capacity of alloy was decreased as the addition 
amount was increase. It was also found that in case of the Zr addition, if additive ratio 
was 0.02 mol%, hydrogen absorbed capacity was increase a little, but if additive ratio 
was more than 0.1 mol%, the capacity was decreased. In case of the Cr addition, the 
initial capacity was decreased but the durability was improved. 
At Zheijiang University [10-12], they studied rare earth material, or magnesium 
(Mg) based metal hydride alloys recently. In about 2008 they studied nickel hydroxide 
with carbon composite as the positive electrode and showed that discharge voltage and 
capacity were improved as carbon content of the electrode was increased.  
At Laboratoire de Chimie Metallurgique des Terres Rares [13-15], Percheron 
Guegan A et al. studied AB5 type metal hydride alloy, they showed electrochemical 
properties of cobalt-free or low cobalt content alloy, investigated the relationship of 
particle size and the electrochemical impedance, and found that impedance was small so 
that particle size was small.  
At Inner Mongolia University of Science and Technology [16-18], they published 
many articles recently, and most of those were Chinese journal and described by Chinese. 
They studied the effect of substitution lanthanum to neodymium or samarium of A2B7 
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type metal hydride alloys, and properties of amorphous Mg-Y-Ni (magnesium- 
yttrium-nickel) alloys, and showed the relationship between the composition of metal 
hydride alloy and electrochemical properties. About rare earth material, they showed 
discharge capacity was increase so that neodymium addition was increased. 
Ovonic Battery Company (OBC) [19-21] is a US company and has many patents 
about the nickel metal hydride battery. OBC is the licenser to battery manufacturers in 
the world, and is now an affiliated company of BASF, major chemical company. They 
have actively studied about the nickel metal hydride battery. They showed high 
temperature properties of the nickel metal hydride battery, the effect of H2O2 addition to 
cell balance and self-discharge of its battery, vanadium-free AB2 type alloys properties, 
and electrochemical properties of molybdenum additive AB2 type alloys.  
At Guilin University of Technology [22], they studied the effect of zirconium 
addition on structure and performance of rare earth magnesium based AB3 type alloy. 
They also investigated the method for modifying surface of AB3 type alloy with aniline, 
or graphene, and relationship between the amount of zirconium additive and 
electrochemical properties, and showed that the impedance decreased so that amount of it  
increased. 
As mentioned above there were many articles about additive to metal hydride alloys 
for the negative electrode, aimed to performance and durability improvement. Chinese 
groups occupied most of articles, and it was thought that the interest of Chinese groups 
was the metal hydride alloys because China was the main rare earth materials-producing 
country. 
On the other hand, in Japan there were some group studying about nickel metal 
hydride batteries, Kobe University, Osaka Prefecture University, Kawasaki Heavy 
Industries, Ltd., GS Yuasa International Ltd., Panasonic Corporation, and so on.  
10 
At Kobe University [23, 24], Mizuhata et al. investigated about positive electrodes 
using nickel aluminum layered double hydroxide/carbon composite, prepared by liquid 
phase deposition, and showed the improvement of the durability.  
At Osaka Prefecture University [25-28], Inoue et al. investigated the effect of 
pretreatment of positive electrodes. Pretreatment was to over-discharge before initial 
activating. By this method, the surface of positive electrodes was deoxidized and cobalt, 
conductive material of positive electrode, was dissolved to electrolyte. After that, during 
the first charge of activating process, metallic cobalt nanoparticles were formed on the 
surface of positive electrode. They formed the dense and high conductive network on the 
surface, improving the electrochemical performance of the pretreated positive electrode. 
At GS Yuasa International Ltd. [29], Kanamoto et al. studied rare earth 
Ca-Mg-Ni-based alloys for high capacity negative electrode. These alloys had the 
capacity of about 1.2 times, and improved corrosion resistance. 
At Panasonic Corporation [30], Ochi et al. studied nickel metal hydride batteries for 
hybrid electric vehicles. They got higher power output by improving current collector, 
electrodes design, and separator, and durability by optimizing metal hydride alloys. As a 
result, they achieved the longer life of more than 2 times and higher output of 1.3 times 
for conventional batteries. These technologies were applied to batteries for hybrid 
electric vehicles, and Primear EV Energy co. ltd. [31] prepared them. 
At Kawasaki Heavy Industries, Ltd. [32-36], Nishimura et al. prepared a cobalt free 
nickel metal hydride alloy (rare earth and magnesium based), fabricated a 205 Ah battery 
and exhibited a good high rate discharge performance. They also showed the industrial 
applications, such as a battery-driven light rail vehicle (LRV), Battery Power Systems 
(BPS) for railways, and stabilization of power grids. They proposed a large sized battery 
system for several applications, for example 205 Ah module (30cells). A total of 16 
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modules   were installed for LRV, and 20oro 40 modules for BPS.  
For the industrial applications, there are several type of rechargeable battery systems, 
a lead acid battery, lithium ion battery, but the nickel metal hydride battery has a 
characteristic to be superior in an energy density and safety, and it is thought that a study 
is pushed forward from now on.  
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1.4 Summary 
 
As we mentioned above, there were many researchers studying about nickel metal 
hydride battery. Especially Chinese researchers studied about nickel metal hydride, its 
capacities, compositions, absorption properties of hydrogen. The nickel metal hydride 
battery competes with lithium ion battery. It loses in an energy density and the lightness 
in comparison with lithium ion battery, but is dominant at points such as safety including 
the incombustibility, low cost, and the stability of the voltage.  
We think that the demand for electricity storage system in industrial applications 
grows bigger by introduction increase of the renewable energy or energy-saving 
promotion in future. About the performance, the cost, and the durability, there is room for 
the improvement as for the materials, the operation control aspect still more, and, we 
think that research and development about the nickel metal hydride battery are actively 
continued more and more.  
 
1.5 Outline of this thesis 
  
The outline of this thesis is as follows. For a large-scale Ni-MH battery, a low internal 
resistance and long-term durability are the key points. 
In chapter 2, I present and discuss improvement of the conductive network of positive 
electrodes and the performance of Ni-MH battery. 
In this study, we investigated in-situ pretreatment methods and conditions for 
fabricated batteries, compared their performance and durability with results obtained for 
materials pretreated before battery fabrication using charge/discharge tests, and 
investigated the influence of the pretreatment on the other components of the batteries. 
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In chapter 3, I present and discuss improvement of electrochemical properties and 
oxidation/reduction behavior of cobalt in positive electrode of Ni–metal hydride battery.  
In deterioration tests of Ni–MH batteries, a discharge voltage drop is observed in early 
cycles. Although the batteries usually have a durability of several thousand cycles, at 
approximately 200 cycles, the discharge voltage and capacity decrease.  
In this study, we investigate the factors that cause the discharge voltage drop as well 
as strategies for improving the performance. The results indicate that the drop is mainly 
caused by deterioration of the conductivity network of the positive electrodes. To 
improve the performance, the oxidation/reduction behavior of the Co conductive material 
must be controlled and the conductive network should be reinforced.  
In chapter 4, I present and discuss the degradation mechanism and durability of 
Ni-metal hydride battery. The battery systems begin to be used for the railway system. 
The battery power system for the railway use (BPS) accumulates any excessive 
electricity when the power supply line voltage rises, thus stabilizing the line voltage. BPS 
is operated holding at the constant voltage and repeating narrow charge/discharge cycle, 
the surplus energy can be stored and discharged when needed, thus ensuring efficient use 
of the regenerative braking energy at all times. 
Usually the durability of the battery power systems is evaluated by the charge/discharge 
cycle test, such as the high temperature cycle test, the high rate cycle test, and room 
temperature or high temperature storage test. However, in case of the application holding at 
the constant voltage and repeating narrow charge/discharge cycle, the standard test method is 
not established. 
In this study, we investigate the influence of the charge/discharge cycle, holding at 
the constant voltage and the float charging to the battery lifetime, and check the method 
of the durable evaluation of the battery system operated on various temperature and 
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voltage. Then, we investigate the applying the electrochemical kinetics for this system.
15 
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Chapter 2 
 
Improvement of the conductive network of 
positive electrodes and the performance of 
Ni-MH battery 
22 
 
2.1 Introduction 
 
Ni-MH batteries are widely used as power supplies for electric tools, hybrid vehicles, light 
rail vehicles, and energy storage in industry [1-3]. The main active materials of the positive 
electrodes of Ni-MH batteries are Ni(OH)2/NiOOH. They are reversibly transformed between an 
insulator (Ni(OH)2) and a semiconductor (NiOOH) during charging/discharging. However, as 
NiOOH has relatively poor conductivity, additives such as acetylene black, graphite, Cd, Zn, Ca, 
Ni, Co are usually added during the preparation of the positive electrodes to improve their 
conductivity[4-8]. Co metal and its hydroxides and oxides are often used as such additives [9-15]. 
Co compounds are added by co-precipitation, post-addition method, and cation-exchange method 
et al, and the effects and behaviors of additives are investigated [16-23]. 
It has been found that CoO additives partially dissolve in the electrolyte, are reprecipitated 
as Co(OH)2 on the active material surface, and then oxidized to CoOOH during the first 
charging[24,25]. Consequently, a conductive network forms on the surface of the active material, 
significantly improving the utilization of the active material. However, such conductive networks 
consisting of CoOOH become depleted after charge/discharge cycling. Thus, it is important to 
maintain the conductive network during operation. There have been several reports on the 
improvement of the conductive network, such as the electro-oxidation method by thermal 
treatment [26,27], an in-situ chemical reduction method using hydrazine hydrate as reductant and 
silver ion as activating agent [28], reductive deposition onto the surfaces of Ni(OH)2 particles by 
an electroless plating method [29], and chemical precipitation methods using complexing agents 
including ammonia. 
An alternative method is the pretreatment of the positive electrodes by discharging before 
initial activation, which has been found to improve the conductivity of the network [30,31]. 
Co(OH)2 was reduced during this initial discharging and became metallic cobalt nanoparticles. 
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Subsequently, the cobalt nanoparticles and remaining Co(OH)2 became Co3O4 or CoOOH, which 
have high conductivity, during the first charge and became a denser conductive network. However, 
in the case of applying this method to assembled batteries, which consist of negative electrodes, 
positive electrodes, separator, and other component materials, detrimental effects on the other 
component materials or high manufacturing costs were concerns. 
In this study, we investigated in-situ pretreatment methods and conditions for fabricated 
batteries, compared their performance and durability with results obtained for materials pretreated 
before battery fabrication using charge/discharge tests, and investigated the influence of the 
pretreatment on the other components of the batteries.  
 
2.2 Experimental 
 
In the case of pretreatment before battery fabrication, we assembled a battery for examination 
using the following procedure. Ni(OH)2 powder (CZD, Tanaka Chemical Corporation, Japan) was 
used as the positive electrode active material. First, 4500 g of Ni(OH)2 powder was mixed with 8.5 
g of carboxymethylcellulose as a thickener, 225.1 g of polytetrafluoroethylene as a binder, 13.5 g 
of surfactant, and 991.5 g of water to form a paste. The paste was cast on a Ni form and pressed to 
an electrode thickness of 0.47 mm. The electrode sheet was cut to 65 × 29 mm2. The pretreatment 
was performed by discharging the electrode at 0.2 C rate for 7.5 h in a beaker with a platinum plate 
as a counter electrode. Metal hydride (CDK-36, Chuo Denki Kogyo Co., Ltd., Japan) was used as 
the negative electrode active material. The capacity ratio of negative electrodes and positive 
electrodes (N/P ratio) was set to 3.5 to estimate the pretreatment effects of positive electrodes. The 
electrolyte was an aqueous solution containing 6 mol L−1 KOH and 0.4 mol L−1 LiOH. The 
separator was polyolefin nonwoven fabric sheet (FT6884S, Japan Vilene Company Ltd., Japan). 
After the pretreatment of the positive electrodes, nine sheets of the positive electrode were put into 
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one side of the pleat machined separator, and ten sheets of the negative electrode were put into the 
other side of the separator. Next, the electrode block was set up in a polypropylene cell case, and 
nickel plated steel plates (plate thickness 3 mm, plating thickness 120 m.) were set at both sides 
of the electrode block. The cell case was then filled with the electrolyte and sealed.  
In the case of in-situ pretreatment, we assembled batteries for examination using the 
following procedure. Using the same materials and methods as above, we assembled the battery 
(cell) without pretreatment of the positive electrodes. After fabrication of the cell, in-situ 
pretreatment was performed by discharging at a constant current of 0.2 C rate for 7.5 h with direct 
connection to negative and positive electrodes, and constant voltages of −0.5, −0.75, and −1.0 V 
for 3 h for pretreatment discharge. The pretreatment time and details of the constant voltage 
pretreatment conditions are listed in Table 2.1.  
 
Table 2.1 Detail of constant voltage pretreatments conditions. 
 Out of cell In -situ Const. current / C Const. voltage / V Pretreatment time / h 
1 ○ – 0.2 – 7.5 
2 – ○ 0.2 – 7.5 
3 – ○ – -0.5 3.0 
4 – ○ – -0.5 5.0 
5 – ○ – -0.5 7.5 
6 – ○ – -0.75 3.0 
7 – ○ – -1.0 3.0 
 
The crystal structure of the pretreated and untreated Co(OH)2 electrodes were characterized 
using a field-emission scanning electron microscope (FE-SEM; JEM-7001F, JEOL Ltd., Japan). 
FE-SEM specimens were prepared by cross-section polishing of untreated and pretreated 
electrodes after their initial activation. An acceleration voltage of 15 kV was applied. Analysis of 
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the elemental distribution of the untreated and pretreated electrodes was carried out using an 
electron probe micro analyzer (EPMA; JXA-8800XL, JEOL Ltd.). The structural analysis of 
untreated and pretreated electrodes was carried out using an X-ray diffractometer (XRD; SmartLab, 
Rigaku corp., Japan). The oxidation states of Ni and Co were analyzed from X-ray photoelectron 
spectroscopy (XPS; Quantera SXM, Physical Electronics Inc., PHI). 
The untreated electrodes were dismantled after initial activation of 5 charge-discharge cycles 
(charging at 0.1 C rate for 12 h, discharging at 0.1 C rate to 1.0 V) and washed with distilled water. 
The pretreated electrodes were also dismantled after pretreatment at −0.5 V for 3 h and initial 
activation, and washed with distilled water. Untreated and pretreated electrodes samples prepared 
by cross-section polishing were subjected to elemental mapping using the EPMA, focusing on Ni, 
O, Co, and Al. The EPMA mapping images for Co element which has 256 × 256 pixels were 
highlighted the part where a Co concentration is higher than the peripheral region by the picture 
processing using Adobe Photoshop CC 2015 (Adobe Systems Inc., USA). 
After fabrication of the cells, initial activation of 5 charge-discharge cycles (charging at 0.1 C 
rate for 12 h, discharging at 0.1 C rate to 1.0 V) was performed with a charge-discharge unit 
(HJ0220SM8, Hokuto Denko Corp., Japan) before the following tests. Current efficiency tests 
were performed at 2.0 C rate for 24 min (80%) charge and 2.0 C rate, 1.0 V cut-off discharge. 
Current efficiency was calculated dividing the discharging current capacity by the charging current 
capacity. Capacity retention tests were performed at 0.2 C rate for 6 h charge and 0.2 C rate, 1.0 V 
cut-off discharge for 3 cycles at every 200 cycles of the current efficiency tests. The resting time 
after each charging was 10 min.  
AC impedance spectra were measured using a Solartron SI 1287 electrochemical interface in 
the frequency range of 100 kHz to 50 mHz with an AC amplitude of 5 mV at various SOC (states 
of charge). All tests were carried out at room temperature (25 °C).   
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2.3 Results and discussion 
 
2.3.1 SEM images and EPMA analysis of the pretreated electrodes 
 
Fig. 2.1 shows the FE-SEM images and EPMA results of the untreated and pretreated positive 
electrodes. The row figures of the right edge in Fig. 2.1 are highlighted the part where a cobalt 
concentration is higher than the peripheral region by a picture processing, and the cobalt 
concentration of the part of high brightness is high.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 SEM images and EPMA analyses of the untreated and pretreated positive 
electrodes. As for EPMA analyses of Ni and Co, the ratio of strength of the secondary 
X-ray in the same color part is 65:15. The row figures of the right edge are highlighted the 
part where a cobalt concentration is higher than the peripheral region by a picture 
processing. 
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Ni was mainly detected from the active material particles, and it was found that both electrodes 
contained Co compounds as the conductive material around the active material, present as particles 
with diameters of several m to 20 m. It should be noted that the Co distribution of the pretreated 
electrode disperses uniformly onto the active material surface than the untreated electrode. It can 
be considered that the pretreatment caused Co(OH)2 to dissolve and become reduced to Co metal 
and the Co metal was oxidized and deposited on the surface of the active material during the first 
charge of the initial activation process.  
 Fig. 2.2 shows the (a) XRD patterns and (b) XPS spectrum of the untreated and pretreated 
positive electrodes. There was not much of a difference between those. Thus, the composition and 
valence of the positive electrodes did not change during the pretreatment. 
Therefore, the improvement of the charge-discharge behavior by the forming of the electric 
conductivity network in the electrode by Co which was coated to the active material particulate 
surface by the pretreatment can be expected. 
 
2.3.2 In-cell pretreatment procedure 
 
To find a suitable pretreatment procedure for the positive electrodes that would not affect any 
of the other cell components, the variation in cell voltage with pretreatment time was carefully 
measured. Fig. 2.3 shows the trend of cell voltage during in-cell pretreatment at 0.2 C rate. The 
cell voltage rapidly fell to about -0.5 V within the first 10 s, to -1.5 V after 150 s, and finally 
reached a constant cell voltage at -1.7 V until 7.5 h. This phenomenon showed that the 
pretreatment process proceeded during the first 10 s, while the second plateau might have been 
caused by another reaction such as the oxidation of other components. Thus, we estimated that 
applying a constant voltage of -0.5 V to the cell instead of a constant current would result in 
pretreatment of the positive electrodes without having any influence on the other components in 
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Pretreated 
Untreated 
 
the cell.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) XRD 
 
(b) XPS 
Satellite 
Fig. 2.2 (a) XRD patterns and (b) XPS spectrum of the untreated and pretreated positive 
electrodes 
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Fig. 2.4 shows the potentials of the negative and positive electrodes vs. a Ag/AgCl reference 
electrode during pretreatment at constant voltages of -0.25, -0.5, -0.75, and -1.0 V between the 
negative and positive electrodes. Initially, the pretreatment current was almost 0.2 C rate, then 
decreased within a short period to very small value several minutes later under all conditions. 
Except in case of -0.25 V, the potential of the positive electrode was almost same at each voltage, 
while that of the negative electrode increased with the pretreatment voltage.  
 
 
 
 
 
Fig. 2.3 Initial variation of cell voltage until 1000 s during pretreatment in cell. 
Electrode size: 65 × 29 mm, 0.2 C rate for 7.5 h (constant current pretreating). 
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2.3.3 Effect of pretreatment on cell durability 
 
Fig. 2.5 shows the results of capacity tests on an untreated cell and a pretreated cell. In this 
case pretreatment was performed before cell fabrication. The two cells were found to exhibit 
almost the same capacity retention. However, after 1000 cycles charge/discharge, the capacity of 
the untreated cell degraded. In contrast, the capacity of the pretreated cell was stable for over 4000 
Fig. 2.4 Potentials of negative and positive electrodes vs. Ag/AgCl during constant voltage 
pretreating after fabricating cells, (a) -0.25 V, (b) -0.5 V, (c) -0.75 V, (d) -1.0 V. 
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cycles. This meant that pretreatment reduced the degradation and improved the durability of the 
cell. Fig. 2.6 shows the discharge voltage of the untreated and pretreated cells. The voltage of the 
untreated cell (Fig. 2.6(a)) staggered every time, in contrast, the trend of the cell voltage was 
maintained in the case of the pretreated cell (Fig. 2.6(b)). These results indicated that the pretreated 
cell showed high performance over a long term, and further confirmed that the pretreatment 
effectively improved the durability and performance of the cell.  
Fig. 2.7 shows the FE-SEM images and EPMA results of the untreated and pretreated positive 
electrodes after 1800 cycles charge/discharge. The forming of the electric conductivity network in 
the pretreated electrode was maintained after 1800 cycles. On the other hand, as for the electric 
conductivity network of the untreated electrode, destruction of the electric conductivity network is 
observed in some places as shown by white arrows in Fig. 2.7 (a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5 Capacity retention test results of untreated and pretreated cells. (0.2C rate charge 
for 6 h / 0.2 C rate discharge to 1.0 V cut-off for 3 cycles at every 200 cycles of the current 
efficiency tests) 
32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Untreated 
(b) Pretreated 
Fig. 2.6 Discharge voltages of (a) untreated and (b) pretreated cells. (2.0 C rate charge 
to 80% / 2.0C rate discharge to 1.0 V cut-off ) 
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Fig. 2.7 SEM images and EPMA analyses of the untreated and pretreated positive 
electrodes after 1,800 cycles. As for EPMA analyses of Ni and Co, the ratio of strength of 
the secondary X-ray in the same color part is 65:42. The row figures of the right edge are 
highlighted the part where a cobalt concentration is higher than the peripheral region by a 
picture processing. The white arrows show the destruction of the electric conductivity 
network 
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This is important because it is not easy to pretreat electrodes before fabricating cells. Inserting 
such a pretreatment as an additional process during the manufacturing of electrodes will have a 
great influence on their cost. So, we investigated pretreatment after cell fabrication without greatly 
changing the normal manufacturing process. First, we tested the same pretreatment method used 
above for in-cell pretreatment, in which the cell was discharged after fabrication but before its 
initial activation.  
Fig. 2.8 shows the effects of in-cell pretreatment. The in-cell pretreatment was carried out by 
discharging at 0.2 C rate for 7.5 h before initial cell activation. There are several data points below 
the main trend in both datasets. Because the capacity tests involved discharging to 1.0 V at 0.1 C 
rate after charging to 120% at 0.1 C rate every 200 cycles, the charge level of the first charge after 
the capacity tests was lower than that during normal cycles, and therefore the discharge amount 
was also lower. It was found that there was no difference of the current efficiency between the 
untreated cell and in-cell pretreated cell until 1000 cycles. However, after 1200 cycles the current 
efficiency of the in-cell pretreated cell was decreased. It is thought that in-cell pretreatment 
affected other cell components or the pretreatment applied was not sufficient in this case. Fig. 2.9 
shows the resistance of untreated and pretreated positive electrodes at 20% SOC. The resistance of 
the pretreated positive electrode was found to be lower than that of the untreated one. This means 
that the pretreatment of the positive electrode was successful, but the pretreated cell degraded 
faster than the untreated cell.  
According to the above results, pretreating with the constant current in-cell was effective in 
improving the positive electrodes, but had some influence on other components in the cell (i.e., 
negative electrodes or current collectors). During this constant current pretreatment, a relatively 
large current was applied for a long time, and so other components might have been oxidized. 
Therefore, we next investigated the effects of in-cell pretreatment at constant voltage which was 
performed without large current. 
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Fig. 2.8 Current efficiency test results of untreated and pretreated cell. (2.0 C rate charge 
to 80% / 2.0 C rate discharge to 1.0 V cut-off ).The arrowed data are lower than the others 
because of the capacity tests of every 200 cycles.  
Fig. 2.9 Resistance of untreated and pretreated positive electrodes (SOC: 20%; vs. 
Ag/AgCl reference electrode)  
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2.3.4 Effect of constant voltage pretreatment 
 
Fig. 2.10 shows the results of charge/discharge tests on untreated and pretreated cells. After 
pretreatment and initial activation, the cells were charged to 80% at 0.2 C rate and discharged to 
1.0 V at 0.2 C rate, after which their current efficiencies (ratio of discharge quantity to charge 
quantity) were calculated. Fig. 2.10 (a) shows the influence of pretreatment voltage. It was found 
that constant voltage pretreatment was effective between −0.5 V to −1.0 V, and resulted in better 
durability than the untreated cell and almost same current efficiency after 4000 cycles. Because it 
is desirable to pretreat at lower voltage if the effects are almost the same, we selected −0.5 V as the 
most effective condition. Fig. 2.10 (b) shows the influence of pretreatment time. There was a slight 
decrease in current efficiency as the duration of the constant voltage pretreatment was increased, 
but application of −0.5 V for 7.5 h resulted in almost the same efficiency as constant current 
pretreatment at 0.2 C for 7.5 h after 6000 cycles. From the above results, we chose −0.5 V for 7.5 h 
as the optimum pretreatment condition. 
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Fig. 2.10 Current efficiency test results of 4Ah class Ni-MH batteries for  
(a) pretreated at constant voltage, -0.5 V, -0.75 V, and -1.0 V for 3 h.  
(b) pretreated at constant current at 0.2 C rate for 7.5 h and at constant voltage (-0.5 V) 
for 3 h, 5 h, and 7.5 h. (2.0 C rate charge to 80% / 2.0 C rate discharge to 1.0 V cut-off ) 
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2.3.5 Electrochemical analysis of pretreated cell 
 
Fig. 2.11 shows the AC impedance spectra of an untreated cell and a cell pretreated at −0.5 V 
for 7.5 h at 20% SOC (a) and 80% SOC (b). In case of 80% SOC, there was little difference 
between the cells, and both exhibited low impedance. Because the active material of the positive 
electrodes changed from Ni(OH)2 to NiOOH during the charging process and NiOOH shows high 
electrical conductivity, at the high SOC regions both cells exhibited good conductivity and low 
resistance.  
However, from Fig. 2.11 (b) it was found that the impedance of the constant voltage 
pretreated cell was less than that of the untreated cell. Especially, the reaction resistance of 
pretreated cell was remarkably small. This was because at the low SOC regions, a large proportion 
of the active material was Ni(OH)2, which has low electrical conductivity. So, the Co compounds 
in the electrode had a very important role as a conductive material. Upon pretreatment, Co(OH)2 
coated the Ni(OH)2, was dissolved to Co(OH)42−, and then reduced to Co metal. Then, during the 
first charge of the initial activation process, the Co metal was oxidized and deposited on the 
surface of the active material, building a strong conductive network. As a result, the pretreatment 
decreased the charge transfer resistance of the positive electrode reaction [31]. 
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Fig. 2.11 EIS analysis of internal circuit of Ni-MH battery with pretreated at -0.5 V for 7.5 h 
and untreated one after 1400 cycles at SOC=20%(a) and 80%(b) 
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2.4 Conclusions 
 
The cycle durability of Co(OH)2 coated Ni(OH)2 positive electrodes was improved by 
pretreatment by discharging them before the initial activation of the batteries. However, in-situ cell 
pretreatment with constant current had negative influence on other components when the discharge 
process was carried out at constant current. As a result, the in-situ pretreated battery deteriorated 
faster than the untreated battery. This phenomenon was likely caused by oxidation of the negative 
electrodes during the pretreatment, although the conductive network of the positive electrode 
became stronger. Therefore, pretreatment after battery fabrication under these conditions was not 
suitable. As an alternative, we proposed constant voltage pretreatment of the positive electrodes. 
This method was effective, and did not influence any other components of the battery. Several 
voltages and pretreatment times were tested to obtain adequate conditions, which were found to be 
a voltage of −0.5 V and retention time of 7.5 h. Constant voltage pretreatment decreased the 
impedance of the batteries at low SOC, and suppressed the degradation of their current efficiency 
during cycling tests. 
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Chapter 3 
 
Improvement of electrochemical  
properties and oxidation/reduction  
behavior of cobalt in positive electrode of  
Ni–metal hydride battery 
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3.1 Introduction 
 
Nickel/metal hydride (Ni–MH) batteries are widely used as popular energy storage systems 
for electric tools, hybrid electric vehicles, light rail vehicles, and industrial energy storage [1-3]. 
The main active materials of the negative and positive electrodes of Ni–MH batteries are metal 
hydrides and Ni(OH)2/NiOOH, respectively. AB5-type (LaNi5) and AB2-type (ZrV2) metal 
hydrides are mainly used as the negative electrodes, and there have been many reports on the 
partial substitution of both the A and B components with a small amount of other elements, such as 
Al, Mn, and Zn, to improve the low-temperature performance, high-rate output performance, and 
cycle durability[4-9].  
Nickel hydroxide, which is popularly used for the positive electrode material, reversibly 
transforms from an insulator (Ni(OH)2) to a semiconductor (NiOOH) during charging/discharging. 
However, as NiOOH exhibits relatively poor conductivity, additives such as acetylene black, 
graphite, Cd, Zn, Ca, Ni, and Co are typically added during the preparation of the positive 
electrodes to improve their conductivity [10-14]. Co metal and its hydroxides and oxides are often 
used as additives [15-21], with the addition performed using methods such as co-precipitation, 
post-addition, or cation exchange. The effects and behaviors of these additives have been 
investigated [22-29]. 
CoO additives partially dissolve in the electrolyte, reprecipitate as Co(OH)2 on the active 
material surface, and then oxidize to CoOOH during the first charging [30,31]. Consequently, a 
conductive network forms on the surface of the active material, significantly improving the 
utilization of the active material. However, these conductive networks become depleted after 
charge/discharge cycling; thus, their maintenance during operation is important. Several methods 
to improve the conductive network have been reported, such as electro-oxidation through thermal 
treatment[32,33], in situ chemical reduction using hydrazine hydrate as the reductant and Ag+ ion 
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as the activating agent[34], reductive deposition onto the surfaces of Ni(OH)2 particles via 
electroless plating[35], chemical precipitation methods using complexing agents such as NH3, and 
pretreatment of the positive electrodes by discharging before initial activation[36-38].  
However, in deterioration tests of Ni–MH batteries, a discharge voltage drop is observed in 
early cycles. Although the batteries usually have a durability of several thousand cycles, at 
approximately 200 cycles, the discharge voltage and capacity decrease (Fig. 3.1). This 
phenomenon leads to output drop during operation and unplanned operative stops. 
In this study, we investigate the factors that cause the discharge voltage drop as well as 
strategies for improving the performance. The results indicate that the drop is mainly caused by 
deterioration of the conductivity network of the positive electrodes. To improve the performance, 
the oxidation/reduction behavior of the Co conductive material must be controlled and the 
conductive network should be reinforced with the addition of CoO or pretreatment of the positive 
electrodes.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 Discharge curves of Ni-MH battery after 1 cycle (a), 
 200 cycles (b), and 800 cycles (c). 
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3.2 Experimental 
 
3.2.1. Test sample preparation 
 
We assembled a Ni–MH battery for the electrochemical analysis and charge/discharge tests 
using the following procedure. Ni(OH)2 powder (CZD, Tanaka Chemical Corporation, Japan) was 
used as the active material for the positive electrode. First, 4500 g Ni(OH)2 powder was mixed 
with 8.5 g carboxymethylcellulose as a thickener, 225.1 g polytetrafluoroethylene as a binder, 13.5 
g Triton® X-100 (Kishida Chemical Co., Ltd., Japan) as a surfactant, and 991.5 g water to form a 
paste. The paste was cast on Ni foam and pressed to an electrode thickness of 0.47 mm. The 
electrode sheet was cut to dimensions of 65 × 29 mm2. Pretreatment of the positive electrodes was 
performed by discharging the electrode at 0.2 C for 7.5 h in a beaker with a Pt plate as the counter 
electrode [38]. 
Metal hydride (CDK-36, Chuo Denki Kogyo Co., Ltd., Japan) whose composition was shown 
in Table 3.1 was used as the active material for the negative electrode. The electrolyte was an 
aqueous solution of 6 mol L-1 KOH, and a sheet of polyolefin nonwoven fabric (FT6884S, Japan 
Vilene Company Ltd., Japan) was used as the separator. Nine sheets of the positive electrode were 
placed on one side of the pleat-machined separator, and ten sheets of the negative electrode were 
placed on the other side of the separator. Next, the electrode block was set up in a polypropylene 
cell case, and Ni-plated steel plates (plate thickness of 3 mm, plating thickness of 120 m) were 
placed at both sides of the electrode block. The cell case was then filled with the electrolyte and 
sealed. The cell capacities were 3.6 A h. The charge/discharge rate 0.1 C corresponded to 0.36 A, 
and the capacity ratio of the negative to positive electrode was set constant at 3.5 to estimate the 
durability of the positive electrodes. 
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Table 3.1 Analysis results about the positive and the negative electrodes 
Element 
Original 
composition 
of negative 
electrode 
(wt%) 
 
Eluted 
amount 
 
(g L-1) 
 
Corrosion 
Amount 
 
(g cm-2) 
Positive Electrode 
composition 
Content in the 
positive 
electrode of 
deposits 
(g cm-2) Before test  (wt%) 
After test 
(wt%) 
La 23.0 60 5.4×10-3 – – – 
Ce 6.78 – – – – – 
Ni 50.96 － – 50.4 49.0 – 
Co 10.02 – – 5.18 4.93 – 
Al 1.95 – – < 0.01 0.30 3.7×10-4 
Mn 4.21 – – < 0.01 0.29 3.7×10-4 
 
 
We prepared the half-cell for cyclic voltammograms (Fig. 3.2). Co plates (20 mm × 20 mm × 
0.1 mm purity: 99.9%) were used as the working electrodes. They were implanted in epoxy resin, 
polished using #1000 grit paper, and reduced in 6 mol L-1 KOH (aq) at −1.10 V for 30 min. The 
standard electrolyte was 6 mol L-1 KOH (aq), with the additives described later. There are several 
kinds of the reference electrodes which are employed metal oxide, namely, Hg/HgO, Cd/CdO. 
However, from the following reasons we selected Ag/AgCl reference electrode. It gradually 
becomes hard to use Hg and Cd from the viewpoint of environmental regulation, and it is difficult 
to discard them. The Ag/AgCl reference electrode has junction potentials between the KCl filling 
solution and the KOH electrolyte, however liquid junction potentials between 10-6 mol L-1 KOH, 
or 10-2 mol L-1 KOH electrolyte and a saturate KCl solution are 6.88 mV and 1.92 mV respectively 
[39]. In this work, a salt bridge was employed using saturated KCl, and in case of 6 mol L-1 KOH 
electrolyte, extrapolating the measurement data, liquid junction potential estimates below 0.1 mV 
and it is smaller enough than the scanning potential range (about 1.65 V). 
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The metal hydride was an intermetallic compound consisting of misch metal, Al, Mn, Co, and 
Ni, which corroded during the charge/discharge process and were eluted into the electrolyte. 
However, Mm(OH)3 and Ni(OH)2 have low solubility in alkaline solution, whereas Co was a 
component of the conductive network and has no solubility issues. (Mm: Mischmmetal. It is an 
alloy of rare-earth elements. A typical composition includes approximately 50% Ce and 25% La, 
with small amounts of Nd and Pr.) Therefore, we investigated the effects of Al and Mn on the 
behavior of Co.  
Table 3.1 shows the analysis results about the positive and the negative electrodes. Eluted 
amount from the negative electrode to electrolyte was determined as follows. After the cycle tests, 
the negative electrodes were removed from the battery and extracted with 5% chromic acid 
solution for 60 min. The eluted amount of La was measured using inductively coupled plasma 
atomic emission spectroscopy (ICP-AES; PS3500DD, Hitachi High-Tech Science Corp., Japan). 
Fig. 3.2 Schematic of the half-cell for cyclic voltammograms 
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Then we calculated the eluted amount to the electrolyte from its volume, and corrosion amount 
from the area of the negative electrodes, respectively. 
Then we analyzed the positive electrode composition before and after 1,000 cycle 
charge/discharge test (the electrical quantity of 61,000 C cm-2). Content in the positive electrode of 
deposits (g cm-2) was calculated from the area of the positive electrodes. Al and Mn were detected 
after test although not detected before the test. As the eluted amount in the electrolyte was very 
small value (average value was 0.07 g L-1), we thought eluted Al and Mn were moved to the 
positive electrodes. Then we calculated the eluted amounts of Al and Mn from the corrosion 
amount of La and alloy composition. 
 
3.2.2 Test procedure 
 
AC impedance spectra were obtained using a Solartron SI 1287 electrochemical interface in 
the frequency range of 100 kHz to 50 mHz with an AC amplitude of 5 mV at various states of 
charge (SOC), with discharge to 1.2, 1.0, and 0.8 V. All the tests were performed at room 
temperature.  
Cyclic voltammograms were obtained using a Solartron SI 1287 electrochemical interface 
from −1.0 V to 0.5 V vs. a Ag/AgCl reference electrode at a scan rate of 2 mV s−1. Co plates (20 
mm × 20 mm × 0.1 mm purity: 99.9%) were used as the working electrodes. They were implanted 
in epoxy resin, polished using #1000 grit paper, and reduced in 6 mol L-1 KOH (aq) at −1.10 V for 
30 min.  
The crystal structures of the Co plate surface were characterized using field-emission scanning 
electron microscopy (FE-SEM; JEM-7001F, JEOL Ltd., Japan) with an acceleration voltage of 15 
kV. Structural analysis of the precipitates was conducted using X-ray diffraction (XRD; SmartLab, 
Rigaku, Japan).  
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3.2.3 Charge/discharge test procedure 
 
After fabrication of the cells, initial activation of 3 charge/discharge cycles (charging at 0.1 C 
for 12 h, discharging at 0.1 C to 1.0 V) was performed with a charge/discharge unit (HJ0220SM8, 
Hokuto Denko Corp., Japan). Charge/discharge cycle tests were then performed at 2.0 C for 24 
min (80%) charge and 2.0 C, 1.0 V cut-off discharge. The current efficiency was calculated by 
dividing the discharging current capacity by the charging current capacity. Capacity retention tests 
were performed at 0.1 C for 12 h charge and 2 C, 0.8 V cut-off discharge, then 0.1 C, 0.8 V cut-off 
discharge for 3 cycles every 200 cycles of the current efficiency tests. The resting time after each 
charge was 10 min.  
 
3.3 Results and discussion 
 
3.3.1 Electrochemical analysis 
 
Fig. 3.3 presents the AC impedance spectra of the test cells after the 1st and 800th cycles at 1.2, 
1.0, and 0.8 V (the charge–discharge curves are presented in Fig. 3.1). At 1.2 V, little difference 
was observed between the cells, with both exhibiting low impedance. Because the active material 
of the positive electrodes changed from Ni(OH)2 to NiOOH during the charging process and 
NiOOH exhibits high electrical conductivity, in the high SOC regions, both cells exhibited good 
conductivity and low resistance.  
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Fig. 3.3 Electrochemical impedance spectroscopy analysis of internal circuit of Ni
–MH battery upon discharging to 0.8 V(○,●), 1.0 V(△,▲), and 1.2 V(□,■) 
after 1 cycle (a) and 800 cycles(b). 
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However, as observed in Fig. 3.3(b), the impedance of the 1st charge/discharge cycle was less than 
that of the 800th cycle at 0.8 V, which indicates that the early voltage drop was caused by the 
resistance increase resulting from the destruction of the conductive network. Deterioration of the 
conductive network can be attributed to both mechanical deterioration and chemical deterioration 
resulting from charge/discharge cycling. Mechanical deterioration means the destruction or 
pulverization of the active material particles with charge/discharge cycles, overcharge, and 
overdischarge, whereas chemical deterioration refers to the consumption and decrease of the 
conductive network with the reduction and dissolution of cobalt oxides. As this discharge voltage 
drop occurred during early cycles, we focused on the chemical deterioration. The cobalt oxides 
making up the conductive network were a compound of three valences. The cobalt oxides were 
stable at the charge/discharge potential; however, the elements eluted from the metal hydrides (the 
negative electrodes) affected the oxidation and reduction behavior of Co. The metal hydride was 
an intermetallic compound consisting of misch metal, Al, Mn, Co, and Ni that was corroded during 
the charge/discharge process and eluted into the electrolyte. However, of these elements, 
Mm(OH)3 and Ni(OH)2 had low solubility in alkaline solution, whereas Co was a component of 
the conductive network and had no solubility issues. Therefore, we investigated the effects of Al 
and Mn on the behavior of Co using cyclic voltammetry. 
 
3.3.2 Cyclic voltammetry 
 
Cyclic voltammetry tests of the Co plate using three different electrolytes were performed in 
the scanning range between −1.15 V and 0.5 V vs. the reference electrode.   
As corrosion amount of La was 5.4×10-3 g cm-2 from Table 3.1, the eluted amounts of Al and 
Mn were calculated from the composition of the metal hydride alloy, 3.1×10-4 g cm-2 and 9.9×
10-4 g cm-2, respectively. On the other hand, Al and Mn content in the positive electrode of deposits 
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were 3.7×10-4 g cm-2 both. So, it was found that Al and Mn eluted from the negative electrodes 
were moved to the positive electrodes during the charge/discharge test. 
Therefore we determined the concentration of the Al and Mn in the electrolyte of the cyclic 
voltammetry tests from the composition of the metal hydride alloy. As the eluted amount of La 
from the negative electrode was 60 g L−1, the eluted amounts of Al and Mn were 5.0 g L−1 and 11 g 
L−1, respectively. 
The results are presented in Fig. 3.4. When the 6 mol L-1 KOH (aq) was used, some peaks 
associated with cobalt oxidation appeared for relatively small current. P1 is the current peak 
representing the formation of CoOOH, P2 is the current peak representing the formation of C3O4, 
and P3 is the current peak representing the formation Co(OH)3. The curves when the electrolytes 
with the Mn additive and no additive were used showed similar tendencies. However, for the Al 
additive solution, large current peaks associated with cobalt oxidation were detected. This finding 
indicates that the oxidation/reduction behavior of Co was affected by the Al in the electrolyte. It 
was thought that cobalt oxide formed on the surface. Therefore, surface examination was 
performed at P3, and FE-SEM images are presented in Fig. 3.5. For the Al additive solution, a large 
amount of crystals precipitated on the Co plate surface, and a large electric current flowed. 
Identification of these deposits was attempted; however, the XRD peaks corresponded to those for 
cobalt metal and cobalt hydroxide, and the other peak was not recognized and a difference between 
the results for the 6 mol L-1 KOH (aq) and 6 mol L-1 KOH (aq) with 5.0 g L−1 Al electrolytes was 
not detected. Therefore, we further investigated the effect of the additives using charge/discharge 
tests.  
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Fig. 3.4 Cyclic voltammetry curves of Ni–MH batteries using electrolytes 
containing 6 mol L−1 KOH (aq) (a), 6 mol L−1 KOH (aq) with 0.5 g L−1 Al (b), 
and 6 mol L−1 KOH (aq) with 1.1 g L−1 Mn (c). 
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3.3.3 Charge/discharge tests 
 
Fig. 3.6 presents the results of the charge/discharge tests using the three electrolytes, pure 6 
mol L-1 KOH and that containing Al and Mn additions. The cells with the pure 6 mol L-1 KOH 
electrolyte and that with the Mn additive exhibited almost the same capacity retention. However, 
with the Al addition, the discharge curve dropped in the early stage, and the capacity of the battery 
also decreased. This finding indicates that the addition of Al to the electrolyte resulted in 
deterioration of the conductive network of Co. We thought that Al was eluted to the electrolyte as 
the [Al(OH)4]-, and moved to the positive electrode. At the surface of the positive electrode, the 
Fig. 3.5 SEM images of Co plates with the use of electrolytes containing 6 mol L−1 
KOH (aq) (a) and 6 mol L−1 KOH (aq) with 0.5 g L−1 Al (b) at point P3 in Fig. 3.4. 
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conductive material, CoOOH, was reduced to Co(OH)2 during the discharge cycle, and eluted as 
[Co(OH)4]2-. Then [Al(OH)4]- and [Co(OH)4]2- were reacted to Co2Al(OH)6(CO3)0.5･H2O for 
example. Here CO3 might come from carboxymethylcellulose, the binder of the positive electrode. 
Co2Al(OH)6(CO3)0.5･H2O indicates low electrical conductivity and precipitates at the surface of 
the positive electrode. Therefore the conductivity of the positive electrode decreases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
To prevent this phenomenon, either control of the solubility of Al or precipitation of the 
eluted Al as an insoluble compound was required. As it was difficult to control the solubility of Al 
because of the necessity of coordinating the composition of the metal hydride alloys, we first 
examined a method to precipitate Al. There are many available methods for precipitating Al. We 
observed that when Al eluted in the electrolyte, a white sediment was formed if Li ions were 
present when the optimization of the electrolyte composition was performed. Therefore, we 
speculated that the use of an electrolyte containing lithium hydroxide might enable precipitation of 
Fig. 3.6 Capacity test results: charge 0.1 C rate for 12 h, discharge 2.0 C rate  
to 0.8 V. 
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the eluted Al (Fig. 3.7). However, with increasing lithium hydroxide content, the conductivity of 
the electrolyte decreased (Fig. 3.8). The lithium hydroxide content was thus set with consideration 
of the battery performance. We selected an electrolyte composition of 6 mol L-1 KOH/0.4 mol L-1 
LiOH, for which the battery performance was sufficient. Fig. 3.9 presents a cyclic voltammogram 
for the cell using this 6 mol L-1 KOH/0.4 mol L-1 LiOH electrolyte. The peaks corresponding to 
cobalt oxidation shrunk, indicating that the deterioration of the conductivity network of Co was 
controlled. 
 
 
Fig. 3.7  XRD patterns of the precipitate in electrolyte LiOH in KOH aq. 
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Fig. 3.8  Conductivity of saturated LiOH in KOH aq. 
Fig. 3.9  Cyclic voltammetry curve of Ni–MH batteries using electrolytes 
containing 6 mol L−1 KOH and 0.4 mol L−1 LiOH (aq) with 0.5 g L−1 Al. 
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3.3.4 Reduction of early voltage drop 
 
As the cause of the early voltage drop was the deterioration of the conductive network of the 
positive electrode, the following measures were considered: 
 
 To strengthen the conductive network, a conductive agent (cobalt oxide) was added.  
 To strengthen the conductive network, the positive electrodes ware pretreated.  
 To capture and precipitate the eluted Al, which caused the deterioration of the 
conductivity network, lithium hydroxide was added to the electrolyte. 
 
Then, charge/discharge tests were performed with batteries manufactured under standard 
conditions using these countermeasures. The detailed conditions are listed in Table 3.2.  
 
Table 3.2 Charge/discharge test condition of countermeasures batteries after 800 cycles 
 Electrolyte CoO addition Pretreating 
a) Blank 6 mol L−1-KOH aq. – – 
b) CoO add. 6 mol L−1-KOH aq. 3 wt% – 
c) Pretreating 6 mol L−1-KOH aq. – 0.2 C rate for 7.5 h 
d) LiOH add. 6 mol L−1-KOH + 
0.4 mol L−1-LiOH 
– – 
e) LiOH + Pre. 6 mol L−1-KOH + 
0.4 mol L−1-LiOH 
– 0.2 C rate for 7.5 h 
f) CoO + LiOH + Pre. 6 mol L−1-KOH + 
0.4 mol L−1-LiOH 
3 wt% 0.2 C rate for 7.5 h 
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Fig. 3.10 (a) presents the test results for the batteries using only one countermeasure. For the 
battery using cobalt oxide as the conductive agent, some effects on the voltage drop were observed. 
However, for the other cases, pretreatment of the positive electrodes and the addition of lithium 
hydroxide to the electrolyte, only minimal effects were observed. The additive amount of cobalt 
oxide was sufficient. Therefore, the conductive network of the positive electrode was considered to 
be relatively small. For the addition of lithium hydroxide, the additive amount was not considered 
sufficient; however, it was difficult to add more lithium hydroxide as the conductivity of the 
electrolyte decreased with increasing lithium hydroxide addition. Fig. 3.8 shows the conductivity 
of the saturated lithium hydroxide in KOH aqueous solution, and Fig. 3.11 shows the relationship 
between the concentration of KOH aqueous solution and the concentration of saturated lithium 
hydroxide in it. As the standard composition of the KOH electrolyte was 6 mol L-1, the saturated 
lithium hydroxide concentration was 1.5 mol L-1. Therefore, using the saturated solution, the 
conductivity of the electrolyte was low (approximately 13% of that of 6 mol L-1 KOH electrolyte). 
Therefore, only a small amount of lithium hydroxide could be added. For the pretreatment, the 
conductive material was eluted and precipitated on the surface of the active materials of the 
positive electrodes. However, the oxidation/reduction behavior of the conductive material (Co) 
was affected by the presence of Al; therefore, the effect of the pretreatment was minimal. To 
reduce the voltage drop, it was effective to add more additives or to pretreat for additional time; 
however, this reduction was accompanied by deterioration of the performance of the battery or an 
increase in cost. Therefore, we investigated the combination of the proposed countermeasures as 
an alternative approach.  
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Fig. 3.10 (a) Charge/discharge test results of Ni-MH batteries after 800 cycles 
using a single countermeasure to prevent the observed early voltage drop. 
Black: blank, red: CoO, green: pretreating, blue: LiOH 
(b) Charge/discharge test results of Ni-MH batteries after 800 cycles using two 
or three countermeasures to prevent the observed early voltage drop. Black: 
blank, orange: LiOH + Pre., purple: CoO + LiOH +Pre 
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Fig. 3.10 (b) presents the test results for the batteries using two or three countermeasures. The 
batteries using two or three countermeasures showed good performance, and the countermeasures 
were effective in reducing the voltage drop. For the battery with cobalt oxide added as the 
conductive agent (compared between condition “e” and “f”), the voltage drop was affected. Here, 
we define an index for the early voltage drop, the excess discharge ability index Edi(%): 
 
Edi(%) = (C0.8V − C1.15V)/C0.8V×100 
C0.8V: Discharge capacity to 0.8 V 
C1.15V: Discharge capacity to 1.15 V 
 
This index represents the surplus energy of the electric discharge, with a large Edi indicating 
that at low SOC, the battery has a sufficient discharge capacity. 
 
Fig. 3.11  Concentration of saturated LiOH in KOH aq. 
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Fig. 3.12 shows the relationship between cycle number and Edi of the above batteries. The 
batteries using two or three countermeasures showed good discharge ability over 3,000 cycles. As 
the addition of cobalt oxide did not result in very high performance, condition “e” (which included 
the addition of 0.4 mol L-1 lithium hydroxide to the electrolyte and pretreatment) was optimal. 
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Fig. 3.12 (a)  Edi index of Ni-–MH batteries after 800 cycles using a single 
countermeasure to prevent the observed early voltage drop.           
●: Blank, ▲: CoO, ◆: Pretreating, ■: LiOH 
(b) Edi index of Ni ­ – MH batteries after 800 cycles using a single 
countermeasure two or three countermeasures to prevent the observed early 
voltage drop.●: Blank, ▲: LiOH + Pre., ◆: CoO + LiOH +Pre. 
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3.4 Conclusions 
 
Early voltage drop of a Ni–MH batteries occurs because of deterioration of the conductive 
network of the positive electrode, which affects the operation of battery systems. In this study, this 
phenomenon was shown to be caused by Al eluted from the metal hydride of the negative 
electrodes. This Al affected the oxidation/reduction behavior of Co, the conductive material of the 
positive electrode. To prevent this phenomenon, we investigated possible countermeasures to 
reinforce the conductive network, such as adding more Co as the conductive material or 
pretreating the positive electrodes and capturing the eluted Al as a precipitate by adding lithium 
hydroxide to the electrolyte. None of the countermeasures alone were observed to have substantial 
effects on the early voltage drop phenomenon; however, when these measures were combined, 
better charge/discharge performances were observed after 3,000 cycles. With consideration of the 
cost impact of the increase of additives, the optimal condition was pretreatment of the positive 
electrodes and the addition of lithium hydroxide to the electrolyte. 
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Chapter 4 
 
Degradation factors and  
durability of Ni-metal hydride batteries
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4.1 Introduction 
 
Recent rapid progress in consumer electronic equipment has seen considerable technological 
progress in the field of rechargeable batteries.  In such a utilizations, battery power systems (BPSs) 
are widely used in railway systems [1].  Electric trains generate electricity through regenerative 
braking when decelerating and this electricity can be supplied to another accelerating train on the 
line. However, trains cannot take advantage of regenerative braking energy when there is no other 
train needing electricity, or when the overhead wire voltage is too high.  The surplus energy surges 
down the overhead wire and is dissipated as heat.  This termination of regenerative braking is 
known as “regenerative failure.”  In this case, the trains will rely on mechanical braking to stop, 
which increases brake wear and maintenance costs.  The battery power system (BPS) is electrical 
energy storage equipment that is installed near a substation.  The BPS is usually connected to the 
overhead wire and charged at the overhead wire voltage (Fig. 4.1); this charging method is called 
“float charging”.  On the other hand, the BPS accumulates any excess electricity when the power 
supply line voltage rises and thus stabilizes the line voltage.  With the use of the BPS, the surplus 
energy can be stored and discharged when needed, thus ensuring efficient use of the regenerative 
braking energy at all times.  Heavy train traffic, such as that during rush hours, can cause a drop of 
the voltage supplied to the trains.  At such times, the BPS discharges to provide supplemental 
power to the trains that enables the train operator to avoid costly peak energy surcharges.  The 
installation of BPS has the advantages detailed above; however, an evaluation of the system 
durability is necessary to ensure stable use and to promote the system more widely. 
The durability of BPSs is typically tested under conditions including high temperature cycle 
testing, high rate cycle testing, and room temperature/high temperature storage testing.  However, 
a method has yet to be established for the case of a battery being held at a constant voltage under 
repeated narrow and frequent charge/discharge cycling. In many cases, the full cycle testing results 
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(i.e., total charge/discharge) are simply applied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Among rechargeable batteries, nickel metal hydride (Ni–MH) batteries are widely used owing 
to their high energy densities and safety in many applications [1-3].  Ni - MH secondary batteries 
are widely applied in such applications of BPSs which are required for large scale, frequent and 
high charging / discharging rate, non-flammable, high safety and stability.  The Ni-MH batteries 
are mainly composed of metal hydride and nickel hydroxide, where the metal hydride is used as the 
negative electrode material.  Many studies have been performed to optimize battery composition 
and find additives to improve battery performance over a wide temperature range and provide 
longtime durability [4-9].  Nickel hydroxide is used as the positive electrode material but features 
poor electrical conductivity after its reaction to form NiOOH in the charging process. Hence, 
Fig. 4.1 Calculation method of the float charging voltage. 
In case of a dc power supply on overhead wire, the declared voltage is 
1500V in Japan conventionally. However, actual voltage fluctuates 
continuously due to the voltage drop in the overhead wire and the voltage 
rise due to regenerative operation by other trains. Since the battery system 
is directly connected to the overhead line, the voltage applied to each cell 
always fluctuates. This state is called “float charging or discharging”, it is not 
a constant voltage nor constant current. 
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conductive materials [10-14], or Co compounds [15-21] are usually added to the positive electrodes 
and methods for introducing these additives and their influence on battery performance have been 
extensively studied [22-29]. 
There have been many reports on the degradation mechanism of nickel metal hydride batteries 
[30].  The degradation can be divided into breakdown processes of the negative and the positive 
electrodes.  Typical causes of degradation of negative electrodes include metal hydride alloy 
pulverization owing to lattice expansion during the hydrogenation by charge/discharge cycles 
[31,32], which results in poor electrical conductivity [33] and alloy surface oxidation, which 
prevents electron and proton conduction [34–37]. 
In case of the positive electrodes, causes of degradation include swelling from γ-NiOOH 
formation during the charge/discharge cycles [38] breaking of the cobalt(Co)-conductive network, 
formation of less electrochemically rechargeable γ-NiOOH [39,40], Co dissolution and migration 
from the conductive network in the positive electrode, contamination from leach-out products (Al 
and Mn) in the negative electrode, deterioration of the Co-conductive coating [41], and 
pulverization of the positive electrode spherical particles causing detachment of the active material 
[42,43].  The increased surface area of the positive electrode caused by pulverization also prevents 
contact of the electrolyte with the separator, which increases the cell resistance. 
In this study, the influence on the battery lifetime of the charge/discharge cycling and the float 
charging at a constant voltage were investigated. This method was applied to evaluate the durability 
of the battery system operating at various temperatures and voltages, and the electrochemical 
kinetics of this system was also discussed. 
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4.2 Experimental 
 
4.2.1 Test sample preparation 
 
Ni–MH batteries were assembled using the following procedure.  Ni(OH)2 powder (CZD, 
Tanaka Chemical Corporation, Japan) was used as the active material for the positive electrode.  
Carbon powder (3050B, Mitsubishi Chemical Corporation, Japan) was heat-treated at 2300°C to 
form a conductive material.  Then, 1000 g of the Ni(OH)2 powder, 50 g of the carbon powder, 50 g 
of ethylene-vinyl acetate copolymer as a binder (Ultrathene 540, Tosho Corporation, Japan), and 
xylene were mixed to form a paste.  The paste was cast on the Ni foam and pressed to an electrode 
thickness of 0.35 mm. The electrode sheet was cut to dimensions of 65 × 29 mm2.  A metal 
hydride (AB5-type; CDK-36, Chuo Denki Kogyo Co., Ltd., Japan; the composition is shown in 
Table 4.1), was used as the active material for the negative electrode.  The electrolyte was an 
aqueous solution of 4.8 mol L−1 KOH and 1.2 mol L−1 NaOH, and a sheet of polyolefin nonwoven 
fabric (FT6884S, Japan Vilene Company Ltd., Japan) was used as the separator.  The construction 
of the test battery is illustrated in Fig. 4.2.  Nine sheets of the positive electrode were placed on 
one side of the pleat-machined separator and ten sheets of the negative electrode were placed on the 
other side of the separator.  Next, the electrode block was set up in a polypropylene cell case, and 
nickel-plated steel plates (plate thickness of 3 mm, plating thickness of 120 µm) were placed at 
either side of the electrode block.  The cell case was then filled with the electrolyte and sealed. The 
cell capacities were 3.6 Ah.  The charge/discharge rate 0.1 C corresponds to 0.36 A, and the 
capacity ratio of the negative to positive electrode was set to be a constant at 3.5 to estimate the 
durability of the positive electrodes. 
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Fig. 4.2. Constitution of the test battery.  
Negative Electrodes 
4.8 mol L-1 KOH and 1.2 mol L-1 NaOH 
Positive Electrodes 
Separator 
Electrode Block 
Electrolyte 
Nickel-plated steel plates 
Polypropylene Cell Case 
Operating Temperature  
Tout 
Battery Temperature  
Tin 
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Table 4.1 Composition of the active material for negative electrodes. 
Element 
Original composition 
 of negative electrode (wt%) 
La 23.0 
Ce 6.8 
Ni 51.0 
Co 10.2 
Al 2.0 
Mn 4.2 
 
 
4.2.2 Test procedure 
 
The test battery was installed in the thermostatic oven of which inner size was 300W×300D×
330Hmm.  The battery lifetime depends on the temperature during the battery operation.  A 
thermocouple was set at 10 mm apart from the test battery as the operating temperature (Tout).  For 
the battery inner temperature (Tin), a thermocouple was set contacted the outer negative electrode. 
After fabrication of the cells, the initial activation of three charge/discharge cycles (charging at 
0.1 C for 12 h, discharging at 0.1 C to 1.0 V) was performed with a charge/discharge unit 
(HJ0220SM8, Hokuto Denko Corp., Japan). In order to estimate the durability of the operating 
frequency discharge/charge between the narrow states of charge (SOC) at an almost constant 
voltage, the standard operating conditions were determined. 
There were following characteristics for operating the BPS. Since during the rush hours, trains 
frequently arrived at and departed from the station, the BPS was frequently charged and discharged 
at the braking and acceleration of trains.  On the other hand, since the number of the train was little 
in the early morning and late evening, the BPS continued being charged with the constant voltage of 
the overhead wire. 
80 
On the basis of these conditions, the frequent discharge/charge step and the float charging step 
were defined. In addition, the rest step that the battery was at the open circuit state was also defined 
to compare the degradation rate with the cases repeating charge/discharge cycles.  
 
・Frequent discharge/ charge step 
Under standard operating conditions a BPS is much frequently charged and discharged 
approximate 4000 times per a day according to practical railway operation survey [3]. Fig. 4.3 
shows the frequency analysis results of the current data of the BPS in ref. 3.  
Two peaks at around 1 and 2 min were observed. The charge/discharge time was determined to 
be one minute as the simulated condition as follows. The charge/discharge currents were changed 
every 6 s based on the simulating the stepwise acceleration/breaking operation of the practical train 
driving which causes the frequent discharging and charging. The maximum charge/discharge rate 
was set to be 2.0 C for both operations. The depth of discharge (DOD) indicates the ratio of the 
electric discharge quantity and the battery capacity, DOD was 1% in this case. 
Discharge: 0.4 C × 6 s → 0.8 C × 6 s → 1.2 C × 6 s → 1.6 C × 6 s → 2.0 C × 6 s 
Charge: 2.0 C × 6 s → 1.6 C × 6 s → 1.2 C × 6 s → 0.8 C × 6 s → 0.4 C × 6 s 
A part of examination was carried out in 3% of DOD with 6 C during the discharge/charge step in 
the same frequency in order to discuss the effect of large current. 
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Fig. 4.3 Frequency distribution calculated by Fourier transfer analysis of BPS data obtained 
from train operation reported in Fig. 7 of the reference 3 (i.e. K. Nishimura, T. Takasaki, T. 
Sakai, Introduction of large-sized nickel–metal hydride battery GIGACELL for industrial 
applications, J. Alloys Compd. 580 (2013) S353–S358.). 
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・Float charging step 
The float charging step involves holding the battery at a constant voltage as shown in Fig. 4.4 
between frequent discharge/charge steps.  The constant voltage is calculated as below.  The 
constant voltage was set to be SOC 80% considering the conditions of practical operation with a 
holding time of 10 min, because after 10 min, the charge current approaches zero.  After 
discharging at a rate of 0.1 C to 1.0 V (SOC 0%), the battery was charged to SOC 80% at several 
rates (0.05, 0.1, 0.2, 0.4, 0.8, 1.2, 1.6, 2.0 C), the current data and voltage data were plotted.  The 
voltage at which the charge electric current was assumed to be zero on the graph was determined to 
be the constant voltage. 
 
・Rest step 
In order to distinguish natural degradation and degradation based on electrochemical operation 
of the active materials, the rest step involves maintaining the battery under open circuit conditions. 
During the rest step, an electrical current does not flow through the battery and the voltage 
gradually decays from the charging voltage to the rest potential (equilibrium potential). 
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100cycles 
Frequent discharge/charge 
100cycles 
Frequent discharge/charge 
10min 
(c) 
(a) 
(b) 
Fig. 4.4 The variations of charge/discharge rate and the cell voltage in frequent discharge/charge steps 
and float charging step using the standard condition. After the initial activation of the battery, the battery 
was charged at 0.2 C rate for 4 h to SOC 80%.  
Cycle test during frequent discharge/charge steps is operated under below condition: 
Discharge : 0.4 C × 6 s → 0.8 C × 6 s → 1.2 C × 6 s → 1.6 C × 6 s → 2.0 C × 6 s  
Charge   : 2.0 C × 6 s → 1.6 C × 6 s → 1.2 C × 6 s → 0.8 C × 6 s → 0.4 C × 6 s 
Cycles repeated 100 times. 
Then, during the float charging step the battery was holding at the SOC 80% voltage for 10 min. 
Due to the charge/discharge efficiency, cell voltage fell during the frequent discharge/charge steps, and 
recovered till the SOC 80% voltage during the float charging step. 
(a) Whole operation, (b) The detail of the frequent discharge/charge step and the float charging step, 
(c) The frequent discharge/charge step. 
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4.2.3 Degradation tests 
 
In the standard operating conditions, the frequent discharge/charge step was repeated for 100 
cycles, and the float charging step was for 10 min. The detail of the test pattern is shown in Fig. 4.4. 
These two steps were repeated until the test battery failed. Moreover, harsher conditions including 
3% depth of discharge DOD with 6 C rate were investigated. 
To estimate the influence of the charge/discharge cycling on the battery lifetime, the rest step 
for 100 min under open circuit conditions was added instead of the frequent discharge/charge step 
for 100 cycles. In other words, the rest operating condition was composed from 100 min rest step 
and 10 min float charging step. In the case of the rest operating condition, the internal resistance 
was measured after carrying out 1 cycle of frequent discharge/charge step before the rest step. 
The influence of the float charging step and the rest step on battery lifetime was discussed under 
typical repetitive patterns are shown in Table 4.2.  Under this operation, practical voltage and 
current fluctuations are obtained as Fig. 4.5. After the initial activation of the battery, the battery 
was charged at a rate of 0.2 C for 4 h to SOC 80%, then the rest step was started for a set number of 
minutes, before proceeding to the float charging step, and then returning to the rest step. In these 
tests the lifetime of the battery was determined by rapid increase of the internal pressure because a 
large current did not flow and the state of the battery was relatively stable. 
Applying the test data to electrochemical reaction kinetics equations, the battery voltage was 
applied the mean voltage during the test and each constants were determined using the regression 
curve. 
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Table 4.2 Charging test condition 
 
Time / min Charging rate 
Rest step Float charging Step (Float charging / Rest + Float charging) 
(i) 100 10 0.09 
(ii) 100 100 0.5 
(iii) 10 10 0.5 
(iv) 0 100 1.0 
*After the initial activation of the battery, the battery was charged at 0.2 C rate for 4 h to SOC 80%, 
then the rest step was start to prescribed time, then proceeded float charging step, and repeated. 
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 (a) 
(b) 
Fig. 4.5 Charge/discharge aspects of the battery voltage and current with operating time in 
various operation procedures at Tout=45oC. (a) Rest100/Float charging10, (b) 
Rest100/Float charging100, (c) Rest10/Float charging10, (d) Rest 0/Float charging100 
After the initial activation of the battery, the battery was charged at 0.2 C rate for four hours 
to SOC 80%. 
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 (c) 
(d) 
Fig. 4.5 Charge/discharge aspects of the battery voltage and current with operating time in 
various operation procedures at Tout=45oC. (a) Rest100/Float charging10, (b) 
Rest100/Float charging100, (c) Rest10/Float charging10, (d) Rest 0/Float charging100 
After the initial activation of the battery, the battery was charged at 0.2 C rate for four hours 
to SOC 80%. 
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4.3 Results and discussion 
 
4.3.1 Influence of operating temperature 
 
Fig. 4.6 shows the relationship between the cycle number and the internal resistances (a) and 
the internal pressure (b) of the test batteries under the standard operating conditions. The operating 
temperatures (Tout in Fig. 4.2) were from 25°C to 53°C.  The internal resistance and internal 
pressure increased with an increase of the operating temperature. This relationship was attributed to 
the discharge reservoir of the negative electrodes in the battery becoming exhausted as the internal 
pressure increased, which was attributed to hydrogen gas generation at the negative electrodes, 
based on the results of gas analysis [19].  In addition, the internal pressure was gradually decreased 
with several ripping, then drastically began to increase and get closer to a value to become the 
operation stop. For the estimation of the lifetime, internal resistance and internal pressure can be 
used. The internal resistance increased more gradually than the internal pressure and might be a 
suitable index for lifetime monitoring because in real use, judgments such as the minor fault, the 
serious fault, and the emergency stop were easy.  
Fig. 4.7 shows the variations of resistances normalized by initial values with number of 
charge/discharge cycles normalized by the cycle of battery lifetime at various operating 
temperatures. Here, the battery cycle lifetime is the cycle number where the internal resistance 
doubled from the initial value. It was found that the internal resistance increased linearly from the 
start of the test and the gradient of the line became larger at the late stage of the tests.   The curves 
measured at each temperature showed similar features. Therefore, the behavior of the battery 
degradation depended on the temperature and a similar dependence on the cycle number ratio was 
observed at each temperature. Hence, it was found that lifetime evaluation under 
temperature-accelerated conditions was effective.  
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Fig. 4.6 Variations of (a)resistances, R, normalized by each initial value, 
Rinit., and (b) internal pressure, with number of frequent discharge/charge 
step (Maximum C-rate: 2C) in standard operating conditions at various 
operating temperatures(Tout). 
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4.3.2 Influence of charge/discharge cycling 
 
 Variations of internal resistances and internal pressures of the battery operated at standard 
operating conditions and rest operating conditions are shown in Fig. 4.8. Operating temperature: 
Tout=45oC.  There were almost no differences between the two sets of test results. Thus, it was 
found that the charge/discharge cycling with a narrow depth of discharge (DOD) did not influence 
the battery lifetime, which was instead determined by the temperature. 
Fig. 4.9(a) shows the charge/discharge rate dependence of 2 C and 6 C.   These tests were 
performed at Tout=51°C.  The lifetime of 6C was 94600 cycles and approximately 13% shorter 
than that of 2C.  It was found that there was no large difference in the behavior of the internal 
resistance and the internal pressure even when the current rate was tripled.  Here, we take care the 
inner temperature of the battery (Tin) as shown in Fig. 4.9(b).  The difference of the inner 
Fig. 4.7 Variations of resistances, R, normalized by each initial value, Rinit., 
with cycle numbers normalized by cycle of each battery lifetime  
(Maximum C-rate: 2C) in standard operating conditions at various operating 
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temperature of the battery (Tin) for the operations between under 2C and 6C gradually increased by 
2.5°C owing to heat generated by current flow.  The integral average of the difference of Tin 
between 2C and 6C was 1.5°C.  It is noticed that Tin for 2C operation is similar and constant at Tout.  
These results agree with the result of Fig. 4.6(a).  It is suggested that difference of Tout causes to 
the lifetime difference of approximately 20% between the testing at 51 and 53°C.  Additionally, it 
is suggested that little influence of the electric current to the battery lifetime as the lifetime of both 
batteries from the result of Fig. 4.6(a) and Fig. 4.9(b). because the difference of the lifetime was 
13% and 20% in case of the temperature difference was 1.5°C and 2.0°C, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8 Variations of internal resistances and internal pressures of the 
battery operated at standard operating conditions and rest operating 
conditions. Operating temperature: Tout=45oC.  
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Fig. 4.9 Variations of (a) resistances, R, normalized by initial values, Rinit., 
internal pressures, and (b) inner temperatures (Tin) of the batteries with number of 
frequent discharge/charge cycles at maximum charge/discharge rate of 2 C and 6 
C. Operating temperature, Tout=51oC.  
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4.3.3 Influence of float charging 
 
The battery system is always held at a constant voltage connected to an overhead wire. Hence, 
the influence of this constant voltage charge was examined, through float charging tests under open 
circuit conditions and temperature-accelerated conditions, i.e., 45°C, because charge/discharge 
cycling did not affect the battery lifetime. The detail test conditions are given in Table 4.2 and Fig. 
4.5.  
 Fig. 4.10(a) shows the results of the float charging tests. It was found that a higher ratio of the 
float charging time to the rest time shortened the battery lifetime. The lifetime of condition (iii) was 
shorter than that of conditions (ii), as listed in Table 4.2, however, the ratio of the float charging 
time and the rest time was the same as those of conditions (ii) and (iii). It was suggested that the 
battery voltage drop was caused by self-discharge during the rest time. Figure 5(b) shows the 
relationship between the battery lifetime and the average voltage over the whole test. It was found 
that there was a correlation between the battery lifetime and the average voltage, and the lower 
voltage showed the long lifetime. 
To investigate the influence of the battery voltage on the battery lifetime, the floating tests were 
performed changing the voltage by 20 mV from 1.33 to 1.39 V at 45°C. Fig. 4.11 shows the 
relationship between the floating voltage and the battery lifetime, as judged from the rise of the 
internal pressure. As shown in Fig. 4.11, the increase of the operating temperature caused to 
shortening of the lifetime of the battery.  In this case, the conductive network of the positive 
electrodes might be deteriorated because the electrodes were exposed to high energy if the floating 
voltage was high.  Good linear relations were observed between the floating voltage and lifetime 
and it was found that the battery voltage was the main determining factor for the battery lifetime. 
The standard operating conditions divide the charge/discharge step and the constant voltage 
step because it is difficult to perform charging/discharging while the battery is held at the constant 
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voltage; however, in real-world use charging/discharging is performed under a constant voltage.  
Therefore, the float charging tests were performed with a voltage of SOC 80% equivalent to 
evaluating the battery lifetime under conditions that were as close as possible to those of real 
operation.  Fig. 4.12 shows the relationship between the operating temperatures and the battery 
lifetime.  The float charging tests and the standard operating tests were performed at temperatures 
in the range of 35–60°C. 
In the float charging tests, a linear relationship was found between the logarithms of battery 
lifetime vs the reciprocal absolute temperature.  In the case of the standard operating conditions, 
the lifetime became slightly shorter in the temperature range below 35°C and approached the linear 
relationship obtained for the floating examination.  It was thought that the voltage drop due to 
self-discharge during the 100 charge/discharge cycles under the standard operating conditions 
became smaller in the low temperature range; hence, the charging state of the battery approached 
the float charging conditions with a larger current flow at the float charging step.  Furthermore, it 
could be estimated the battery lifetime from float charging testing because the frequent 
discharge/charge cycles experienced in train operation did not affect the battery lifetime. 
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Fig. 4.10 (a) Variations of internal pressure with operating time and (b) variations 
of the battery lifetime with average voltage in various operation procedures 
indicated in Table 4.2. Tout=45oC. Lifetime is determined from the time at cross 
mark in (a) for each case.  
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Fig. 4.11  Dependence of the battery lifetime on float charging voltages. 
Operating temperature: Tout= 45oC. 
Fig. 4.12 Relationship between operating temperature and lifetime of the battery.  
●：Float charging at SOC 80% voltage, ■：Standard operation condition.  
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4.3.4 Reaction kinetics analysis 
 
The lifetime of the Ni-MH battery used for BPS in railway systems is characterized by 
operation at a relatively constant voltage, under frequent charge/discharge, and a small DOD. 
From the result of the previous chapter, it was found that the lifetime could be evaluated from 
two factors, namely operating temperature and applied voltage, and the logarithm log L of the 
lifetime had a linear relationship with the battery voltage V and the reciprocal of temperature 1/T.  
Hence, it was thought that electrochemical reaction kinetics might be related in this system.  In this 
system the electrolyte concentration was high and hardly changed during the examination because 
the charge/discharge range was narrow.  The reactions of the negative and positive electrodes were 
simple and the composition of the electrodes changed little.  The battery voltage was almost 
constant and neither over-charging nor over-discharging occurred.  The memory effect did not 
influence this system because the battery was simulated in a state connected to an overhead wire 
and the SOC remained almost constant.  
Eq. 1 shows the electrochemical reaction kinetics.  Here, the reaction rate constant k is based 
on the positive electrode potential E+ activation energy G* of the reaction considering that the 
oxidation reaction at the positive electrode is the main process leading to deterioration of the 
battery: 
 
k =C exp{-(G*-αnFE+)/RT}     (1) 
 
where R is the gas constant, n is number of electrons involved in the electrode reaction, T is the 
absolute temperature, α is the charge transfer coefficient, F is Faraday constant, and C is constant, 
respectively.  As the battery lifetime is thought inversely proportional to the reaction kinetics, such 
that the lifetime L can be expressed as:  
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L =C1 exp{(G* - C2 E+)/RT}     (2) 
V = E+ - E-         (3) 
 
Here, C1 is replaced with 1/C and αnF is replaced with C2. By taking the logarithm of the statement 
of Eq. 2 and substituting the Eq. 3 into Eq. 2.  V is the battery voltage, and E- is the negative 
electrode potential. 
 
Log (L/day) =C3 + {G*- C2 (V+E-) }/RT    (4) 
 
This system was approximately considered to be uniform in this examination because the 
negative electrode potential E- to SOC dependence is small and the capacity of the negative 
electrode is designed to be greater than that at the positive electrode of a nickel metal hydride 
battery. These considerations are in accordance with previous reports [39,44]. Here, simplifying Eq. 
4, Eq. 5 is obtained as: 
 
log (L/day) =C3+(C4 - C5V )/RT     (5) 
 
Using the results of the different float charging voltage and the operating temperature, three 
constants were determined empirically as C3= -14.67, C4=8.250×104 J mol-1, C5=2.824×104 J 
mol-1 V-1 by a least squares method. 
Fig. 4.13 shows the relationship between the battery lifetime calculated with the Eq. 5 and our 
examined data. It was found that the examined data agreed well with the calculated value from Eq. 
5. This relationship obtained in this work may be only an empirical evaluation.  However, it was 
thought that the electrochemical reaction kinetics equation could be applied to this system and it is 
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possible to predict the battery lifetime under any temperature and voltage conditions using Eq. 5. 
Fig. 4.13 Relationship for the battery lifetime between examined data(Lexam.) 
and calculated data (Lcalc.) with C3 = -14.67, C4 =8.250×104 J mol-1, C5=2.824
×104 J mol-1 V-1 in Eq.5.  
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4.4 Conclusions 
 
Investigating the actual operation conditions of the BPS for the battery lifetime, the standard 
operating conditions were determined combining the frequent discharge/charge step and float 
charging step.  Various conditions related to the lifetime of a nickel metal hydride battery for 
application to a railway system were examined.  As the results, it was found that the battery 
lifetime could be calculated from two factors of the battery, namely the battery voltage and 
operating temperature.  Furthermore, it was observed that an increase of the battery internal 
resistance and the battery internal pressure, which were considered to be an index of the battery 
lifetime, increased at approximately at the same rate.  Hence, the battery lifetime could be 
estimated from the internal resistance of the battery, which changed relatively steadily and is easy to 
measure.  The influence of charge/discharge cycling and float charging at constant voltages were 
also investigated.  It was found that the charge/discharge cycle did not influence the battery 
lifetime, which was instead determined by the temperature and voltage.  These findings were 
based on the use of experiments float charging at an approximately constant voltage under repeated 
narrow charging/discharging.  Despite being an empirical evaluation, our experimental data agreed 
well with the calculation results.  Hence, it was found that electrochemical reaction kinetics 
equations can be applied to this system and the battery lifetime can be estimated using the 
parameter obtained through our examination.  
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General conclusions 
 
 The Ni-MH battery is expected as the energy storage devices for various industrial applications, 
because of the high-power, high-energy density, long life reliability, safety and low environmental 
load. However, the performance and durability of the battery are not sufficient for the practical use, 
especially for the large scale energy storage system. 
 In this dissertation, the author investigates the materials research for practical application of large 
scale Ni-MH batteries, and suggests improvements of the effective conductive network, its retention 
method, and evaluation method of the durability of the batteries. 
It is thought that these results greatly contributes to improve the reliability of the energy storage 
system using the nickel metal hydride battery and to expand the other industrial applications. 
1. The cycle durability of Co(OH)2 coated Ni(OH)2 positive electrodes was improved by 
pretreatment by discharging them before the initial activation of the batteries. As a more 
effective method, constant voltage pretreatment of the positive electrodes was proposed. This 
method was effective, and did not influence any other components of the battery. Several 
voltages and pretreatment times were tested to obtain adequate conditions, which were found to 
be a voltage of −0.5 V and retention time of 7.5 h. Constant voltage pretreatment decreased the 
impedance of the batteries at low SOC, and suppressed the degradation of their current 
efficiency during cycling tests 
2. Early voltage drop of Ni–MH batteries occurs because of deterioration of the conductive 
network of the positive electrode, which affects the operation of battery systems. It was found 
that this phenomenon was caused by Al eluted from the metal hydride of the negative electrodes. 
This Al affected the oxidation/reduction behavior of Co, the conductive material of the positive 
electrode. To prevent this phenomenon, we investigated possible countermeasures to reinforce 
the conductive network, such as adding more Co as the conductive material or pretreating the 
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positive electrodes and capturing the eluted Al as a precipitate by adding lithium hydroxide to 
the electrolyte. With consideration of the cost impact of the increase of additives, it was found 
that the optimal condition was pretreatment of the positive electrodes and the addition of lithium 
hydroxide to the electrolyte. 
3. The author investigated the actual operation condition and set the standard operating conditions 
for the railway system use, and investigated the factors which affected the battery lifetime.  
As a result, it was found that there was no influence for the charge/discharge cycle, and the 
battery lifetime was determined by the operating temperature and the battery voltage by the use 
holding at the approximately constant voltage while repeating narrow charge/discharge. 
Applying the electrochemical kinetics in this system, the calculating results are good 
correlation to the experimental data, and it was found that the battery lifetime can be estimated 
using the parameter obtained through the examination. 
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